The doping effects of Al 2 O 3 on SiO 2 (-cristobalite) have been studied by first principles calculations, with emphasis on the structural, electronic and optical properties. Compared to pure SiO 2 crystal, the electronic density of states (DOS) of the Al 2 O 3 doped SiO 2 show significant changes. The electron energy states corresponding to the newly emerged sharp DOS peaks are found to exhibit localized characteristics, which are mainly attributed to the unsaturatedly bonded 2p orbitals of O atoms in the -[Al-O-Al]-linkages. The optical properties of the Al 2 O 3 doped SiO 2 are studied by calculating the frequency-dependent dielectric functions. The electric dipole moment induced by the electron states near the top of the valence band is found to have significant effect on the optical absorption spectrum.
Introduction
Crystalline SiO 2 is transparent to visible light, due to the wide band gap between the valence band and conduction band (e.g., the band gap is $10 eV for -quartz 1) ). Similar behavior is observed in amorphous SiO 2 , which is the main component of window glasses. With the presence of dopants, people can significantly modify the optical absorption properties of SiO 2 in the visible range. One of the most commonly used methods is the co-doping of Al 2 O 3 with rare earth elements (e.g., Nd, Er) into SiO 2 , and the doped SiO 2 are found to exhibit interesting optical and spectroscopic properties, new absorption peaks are observed in the infrared and visible range. [2] [3] [4] The Al 2 O 3 dopants have been shown to play an important role in the geometric distribution of rare earth elements, i.e., to prevent the clustering of the rare earth ions, which in return reform the quality of optical devices. 4) Numerous experiments have been carried out to study the oxygen coordination number (OCN) of Al atoms in the SiO 2 -based glass and their high temperature melts. Using electron paramagnetic resonance (EPR), people have established that Al atoms are more likely to substitute the Si positions in natural quartz. [5] [6] [7] A number of experiments have suggested the existence of four-coordinated Al atoms in silica. [5] [6] [7] [8] [9] Three-coordinated Al in silica fused from quartz has been found in EPR experiments. 10) In addition, experimental evidence for higher Al coordination such as five-and sixcoordinated Al atoms is also reported in silica-based glasses. 11, 12) On the theoretical side, classical molecular dynamics (MD) simulations or ab initio calculations have been performed to study the structural properties of Al 2 O 3 doped silica in recent years. [13] [14] [15] First principles MD simulations based on density functional theory (DFT) have shown that, the oxygen coordination number (OCN) of Al and Si atoms varies from 3 to 5 in the molten silicates of CaO-Al 2 O 3 -SiO 2 , and the four-coordinated species are dominant. 13) Laegsgaard has studied some possible forms of Al impurities in SiO 2 network by DFT calculations, which show that the Al atoms present as isolated impurities with three or four coordination oxygen atoms at low Al 2 O 3 concentrations. 14) A recent work based on classical MD simulations has studied the static and dynamic properties of Al 2 O 3 -SiO 2 melts, in which the O coordination numbers of Al and Si are found to depend on the Al 2 O 3 concentration. 15) Most of these efforts have been focused on the structural and dynamical properties of the Al 2 O 3 -SiO 2 glasses or their melts. Contrary to the structural properties, the changes that Al 2 O 3 bring to the electronic and optical properties of SiO 2 , even the simplest case of crystalline SiO 2 , are poorly studied at quantum mechanical level.
In the present work, we aim at exploring the doping effects of Al 2 O 3 on SiO 2 crystal, by using density functional theory (DFT) calculations. In spite of the relatively small simulation cell, the Al 2 O 3 doped SiO 2 model employed in our studies has captured the some of the important aspects of the aluminosilicate glasses. The electronic structures of the Al 2 O 3 doped SiO 2 (abbreviated as Al 2 O 3 -SiO 2 ) are significantly modified when comparing to the pure SiO 2 crystal, the electronic density of states (DOS) split into sharp peaks near the top of valence band. The energy states of the sharp DOS peaks are found to bear localized features, which originate from the unsaturatedly bonded 2p orbitals of O atoms in the -[Al-O-Al]-linkages. Some new states are observed to emerge in-between the valence and conduction bands, which can be recognized in the calculated optical absorption spectra. The electric dipole moment induced by the electronic states around the top of valence band is found to have significant influence on the absorption characteristics. To the best of our knowledge, this is the first theoretical report on the electronic density of states near the Fermi level, as well as the optical properties in the Al 2 O 3 -SiO 2 system. The contents of this paper are organized as follows: after this introduction part, section 2 describes the computational method and model used in this work. Section 3 presents the results and discussions on the Al 2 O 3 doped SiO 2 structures. A summary of this work is given in section 4. 
Computational Method
The DFT calculations were performed by the VASP code, [16] [17] [18] [19] employing a plane wave basis set and the PAW potentials 20, 21) to describe the behavior of electrons. The exchange-correlation energies are described by the PerdewWang (PW91) functionals with the generalized gradient approximations (GGA). 22 Fig. 1(a) ), and then relaxed the atoms, unit cell shape and volume with an energy cut-off of 300 eV for plane waves. (2) Relax the cell shape of the structure obtained in step 1 with fixed volume, using an energy cut-off of 520 eV for plane waves. (3) Repeat step 2 for a set of cell volumes, to find the optimal cell shape and cell volume. Experimentally, similar molar ratio for Al 2 O 3 versus SiO 2 is found in previous studies on the Al co-doping silicate glasses. 23) In all the calculations for the SiO 2 crystal, the energy cut-off of plane waves is 520 eV. The positions of the atoms are relaxed into ground state using the conjugate gradient method, which is stopped when the total energy of the system converges to the level of 10 À4 eV. The Monkhorst-Pack grid, 24) with the origin being at the À point, has been used for integration in the Brillouin zone. A k-mesh of 16 Â 16 Â 16 grid is used for all the calculations of the -cristobalite crystal. For the Al 2 O 3 -SiO 2 , a 2 Â 2 Â 2 k-mesh is used for the structural relaxation and a 6 Â 6 Â 6 k-mesh is used for the calculations of DOS and the dielectric response functions. After structural relaxation, the cell parameters obtained for the two systems are listed in Table 1 . The geometries of the -cristobalite crystal agree well with available experimental data. 25) 3. Results and Discussion
Structural characterization
We firstly examined the structural properties of the Al 2 O 3 -SiO 2 (molar ratio = 1/3). The calculated radial distribution functions (RDF) for Si-O and Al-O are displayed in Fig. 2 14) where the PAW potential and PW91 exchange-correlation functional are employed, the same as the ones used in our calculations. The RDF peaks in Fig. 2 are not smooth curves because of the relatively small number of atoms in the unit cell. Based on the RDF data, the oxygen coordination numbers of Si and Al atoms are calculated and shown in Fig. 3 . For convenience, we tag each atom with an integer, ''1''-''9'' for Si, ''10''-''15'' for Al, and ''16''-''42'' for O atoms. The most probable oxygen coordination number for both Si and Al is four, which also agrees with previous studies. 13, 14) Of course, it should be noted here that, to reproduce all (or most of) the important structural properties of the real Al 2 O 3 -SiO 2 glasses remains a 
Here a, b, c denote the lengths of lattice vectors of the unit cell, and , , are the angles formed between the vectors. 
Electronic and optical properties
Previous studies on liquid and amorphous SiO 2 , 27, 28) 29) have demonstrated that DFT with local density approximation (LDA) or generalized gradient approximation (GGA) can provide good description for the electronic structures of the ground state. In the following paragraphs we will study the electronic and optical properties of the Al 2 O 3 -SiO 2 within the framework of DFT-GGA calculations. We stress here that, the Al 2 O 3 -SiO 2 system under consideration is saturated in the total number of electrons. This is different from the Al-SiO 2 system, in which the total number of electrons is not saturated, holes induced by the Al impurities are expected and cause challenge for DFT treatment. 30) The calculated total density of states (DOS) around the valence and conduction bands of the -cristobalite crystal and the Al 2 O 3 -SiO 2 are shown in Fig. 4(a) and 4(b) , respectively. We are interested in the DOS peaks around the top of valence band, i.e., the Fermi level (E F ) at T ¼ 0 K, (E F sits in-between the valence and conduction band when T > 0 K), which play a key role in determining the physical properties of materials under external excitation such as light (Fig. 4(b) ), which are highlighted by two insets in the up and down panels, with the energy scale ranging from À1 to 0 eV (relative to the highest occupied energy level). Similar sharp DOS peaks are also observed for the Al 2 O 3 doped SiO 2 structure with a molar ratio of 1/6 between Al 2 O 3 and SiO 2 , as shown in Fig. 5 . To figure out the contributions of each type of atom and the contributions from atomic orbitals to the total DOS, we plot the partial density of states (PDOS) of the s, p, d orbitals from Si, Al and O atoms of the Al 2 O 3 -SiO 2 in Fig. 6 , from the up panels to the down panels, with an energy range of À1 to 0 eV. By comparing the three panels, one sees clearly that the sharp peaks near the top of valence band are mainly contributed from the 2p orbitals of O atoms. Then, what kind of atomic arrangement will lead to the emergent of such split and sharp DOS peaks? Shown in Fig. 7(a) , are the PDOS contributions of each atom to the s, p, d components of the total DOS peak that is closest to the top of valence band. As before, each atom is tagged by an integer, ''1''-''9'' for Si, ''10''-''15'' for Al, and ''16''-''42'' for O atoms. The sharp DOS peak is found Fig. 7(a) (Fig. 7(b) The displacement of the center of electron wave package and the nuclear position of the O 32 will induce an electric dipole moment, which is estimated to beP P % ðÀ2eÞðr r e Àr r O Þ ¼ ð0:14; 7:54; À0:88Þ Debye. Such an electron energy state with localized characteristics sits near the O 32 atom in Fig. 7(b) . In addition, the possibility of spin polarization is ruled out because our calculations show that no energy difference is found between non-spin-polarized states and spin-polarized states. Similar results are obtained for other isolated and sharp DOS peaks near the top of valence band, and we expect the results can be demonstrated by future experiments such as electron paramagnetic resonance (EPR).
We go further to study the optical properties of the Al 2 O 3 -SiO 2 structure, by calculating the frequency-dependent dielectric functions within the DFT framework. The imaginary part of the dielectric function (3 Â 3 tensor) describes the optical absorption in condensed phase materials, 31) whose xx, yy and zz components in the Al 2 O 3 -SiO 2 are plotted as a function of photon energies in Fig. 8 . In the visible range, two peaks are observed at $2:89 and 3.25 eV. This corresponds to the optical transition of electrons from the highest valence band to the bands identified by the two isolated DOS peaks, which emerge at $2:8 and 3.2 eV above the top of valence band (Fig. 4(b) & Fig. 6 ). Our PDOS analysis reveals that the two isolated DOS peaks in-between the valence bands and conduction bands in Fig. 4(b) come mainly from the hybridization of the 2s orbitals of O and 3s orbitals of Si, the 2p orbitals of O and 3d orbitals of Si. Using the selection rule for optical transition, the absorption in visible range should mainly come from the quantum transition of the p orbitals of O atoms (valence band) to the s orbitals of O and Si, and the d orbitals of Si atoms, as can be inferred in Fig. 6 . The optical absorption in visible range along y direction is much stronger than in x and z directions (Fig. 8) . The much stronger electric dipole momentP P in y direction than x and z directions induced by the electron state near the top of valence band should be responsible for this anisotropy of light absorption, due to the fact that optical absorption in visible range is mainly caused by electric dipole transition. It should be noted here that an accurate quantitative description of the optical properties requires a treatment such as GW, 32) which is beyond the independent particle approximation. On the other hand, the qualitative agreement between theory and experimental results can usually be achieved on the DFT level calculations, i.e., DFT-LDA/GGA calculations can usually give correct description for the energy dispersion relation in the k-space, and the band energies obtained by GW calculations are usually shifted up by a constant comparing to the DFT-LDA/GGA energy bands. [32] [33] [34] 
Conclusions
To summarize, we have studied the structural, electronic and optical properties of the Al 
